Introduction
More than 25 spacecraft from the USA and the Soviet Union visited Venus in the 20th century. Venera, Pioneer-Venus, and Vega descent probes measured properties of the thick atmosphere and provided glimpses of the surface in several locations. Mariner-10, Venera and Pioneer-Venus spacecraft delivered important results about the upper atmosphere and plasma environment. However these data sets were limited in terms of temporal and altitude coverage, as well as observational capabilities. Thus a great number of fundamental problems in the physics of the planet remained unsolved 1, 2) . In particular, a systematic and long-term survey of the atmosphere was missing. After the Magellan radar mapping mission ended in 1994, there followed a hiatus of more than a decade in Venus research, until the European Space Agency (ESA) took up the challenge and sent its own spacecraft with state-of-the-art payload to our planetary neighbour. The goal of this mission, Venus Express, is to carry out a global, long-term remote and in-situ investigation of the atmosphere, the plasma environment, and some aspects of the Venus surface from orbit 3) . The mission re-uses the Mars Express bus design slightly modified for the conditions at Venus, the launch scheme and the ground system to keep the costs down. It is the third spacecraft in the Rosetta "family". Both Venus Express and Mars Express benefit greatly from generic developments carried out for that mission. With only 3 years between the mission approval and the launch date, plus about a year of preparatory work, Venus Express is by far the most rapidly developed scientific project of ESA.
The spacecraft provides a versatile 3-axis stabilized platform to carry out nadir observations, tracking limbs and selected spots on the surface, as well as solar, stellar and Earth radio occultation that requires high precision and stability of pointing. The broad spectrum of mission goals, complexity of the payload, and operational limitations due to re-use of the Mars Express spacecraft that had been originally designed for the colder environment at Mars, justified the need for careful planning and coordination of observations in order to effectively use the spacecraft and payload capabilities and to maximize overall science return 4) . The nominal Venus Express mission lasted from June 4, 2006 till October 2, 2007, which corresponds to about two Venus sidereal days. The second mission extension was approved till the end of 2012. This paper gives an overview of the mission, its scientific highlights, and outlines future perspectives and plans.
Spacecraft
The Venus Express spacecraft design is based on the Mars Express bus -a box-like structure with the dimensions 1.7x1.7x1.4 metres and 8 meters tip-to-tip distance of deployed solar panels 3, 5, 6) (Fig. 1) . The principal mechanical structures inside the spacecraft are the two fuel tanks, with MonoMethyl Hydrazine (MMH) as the fuel and Nitrogen TetrOxide (NTO) as the oxidizer, and a helium tank for main tank pressurization. The mass of the dry spacecraft is 633 kg, including 94 kg for the payload. The tanks were filled at launch with 570 kg of propellant, most of which was consumed during the orbit insertion maneuvers. Together with the launch vehicle adapter this made up the total launch mass of 1241 kg, leaving a comfortable margin to the maximum allowed mass of 1270 kg for the Soyuz-Fregat launcher combination. Venus Express as well as Mars Express was designed to sustain soft aerobraking with maximum dynamic pressure of 0.3 N/m 2 . Thermal system of Venus Express was completely re-designed due to higher demands imposed by proximity to the Sun and higher albedo of Venus. A new thermal blanket is used, giving the spacecraft a golden finish, in contrast to the black appearance of Mars Express. Radiators mounted on -X and +/-Y walls cool sub-systems and payloads. These panels as well as the -Z face with the main engine nozzle can withstand very limited exposure to solar illumination that imposes severe operational constrains. The second small 0.3m high-gain antenna was mounted on the +Z top panel (Fig. 1) . It is used for telecommunications during inferior conjunctions when the spacecraft is between the Sun and the Earth and communication with the main dish would result in direct illumination of the -X wall.
The higher solar flux at Venus orbit of ~2600 W/m 2 allowed to reduce the size of solar panels by half. The original silicon solar cells were replaced by gallium arsenide ones, optimized for operations at higher temperature. To keep acceptable temperature range the cells are mounted in rows interleaved with optical solar reflectors. The solar panels provide about 1400W of power. The spacecraft telecommunication system originally had both X-and S-bands. Fully redundant cross-strapped communication chains, including two 65 W traveling wave tube power amplifiers, feed the signal to the two high-gain antennas of 1.3 m and 0.3 m diameter. S band communications, with dual 5 W solid state power amplifiers, are included as a backup system and for use near the Earth during the first weeks following the launch. The data rate varies between 15 kbps to 228 kbps, corresponding to the total downlink capability of between 400 Mbit and 6.5 Gbit per day, depending on the actual distance between Venus and the Earth. 216 Mbit are allocated for the spacecraft housekeeping data. Both antennas are body fixed and thus the spacecraft turns toward the Earth for dumping the data in each communication that usually lasts 8-10 h per day. The data are stored in the 12 Gbit solid state data recorder during the observation passes. During the superior conjunction in July 2007 the S-band experienced a drop in signal level and has been used only occasionally since then. The reason for this anomaly is still not known. The failure had not led to degradation of the downlink capabilities. The X-band is currently used for both telecommands uplink and telemetry downlink.
The Cebreros antenna west of Madrid (Spain) is used for all uplink and most data downlink activity. The New Norcia station in Australia is used for radio science experiment. The NASA DSN stations provide additional support for additional coverage, VeRa experiment, as well as during the periods of required high downlink rate.
Payload and Operations
The Venus Express payload consists of seven instruments 3) ( Fig. 1, Table 1 ): four spectrometers and spectro-imagers (SPICAV/SOIR, PFS, VIRTIS, and VMC) operating in broad spectral range from UV to thermal IR to study the structure, composition, and dynamics of the atmosphere; magnetometer MAG and analyzer of space plasmas ASPERA, and radio science experiment VeRa.
Two novel techniques are applied for the first time in orbital remote sensing of Venus. 1). Spectral imaging in the near-IR transparency "windows" on the night side by VIRTIS and VMC provides survey of the lower atmosphere composition, the deep cloud structure, and thermal mapping of the surface. 2). SPICAV/SOIR uses stellar and solar occultation technique to investigate the structure and composition of the mesosphere and upper haze. These observations are complemented by VIRTIS and VMC limb imaging.
VIRTIS is the key experiment in the payload. It is focused on the study of temperatures, dynamics, clouds and composition on the day side and composition and surface properties on the night side. The latter were abandoned after the failure of the cooler for the imaging IR channel in fall 2008. However the other two parts of the instrument -UV-visible-near-IR mapping and high resolution IR channelsare fully functional and continue delivering data.
Venus Monitoring Camera takes wide angle context images in four narrow band filters to study morphology and dynamics at the cloud tops. Although the camera was damaged by direct solar illumination during the cruise phase, a reasonably good image correction could be achieved by additional flat fielding using observations of the Northern polar region. ASPERA-4 studies in-situ plasma and energetic neutral atoms (ENA) around the planet to characterize escape processes. It is supported by MAG measurements of the magnetic field. The standard radio system of the spacecraft, complemented by an ultra-stable oscillator (USO), constitutes the radio science experiment (VeRa) that studies the fine structure of the atmosphere and ionosphere in Earth radio occultation mode, investigates the surface with bi-static radar and gravity anomaly experiments, and sounds the solar corona. After the loss of S-band in the summer of 2007, the bi-static sounding of the surface and solar corona investigation had not been possible. However, radio occultation measurements of the neutral atmosphere and ionosphere were not affected by this loss.
Unfortunately, due to a failure in the scanning mechanism, Planetary Fourier Spectrometer (PFS) has not been operational since the beginning of the mission. This resulted in the loss of thermal emission spectrum in 5-45 μm range and, hence, temperature and aerosol sounding capabilities of the mission. These goals have been partially recovered by the VIRTIS observations in the 4.3 μm CO 2 band and more intensive use of the radio-science experiment VeRa. The instruments bore sites are aligned with the +Z axis of the spacecraft ( Fig. 1) . Thus, the main observation mode is the one with the +Z axis looking at the planet. Solar occultation requires the SPICAV solar port, which is 30 degrees off the +Y direction towards +X axis, to look at the Sun. In the radio-occultation experiment the big high-gain antenna aligned with the +X axis points to the Earth. The dense atmosphere bends the path of the microwave rays considerably, and special spacecraft attitude steering is required to compensate for this and to ensure correct pointing during a complete occultation, which can last up to 50 minutes. In the bi-static sounding experiment the antenna points at a selected surface target and the reflected waves are recorded by the ground station. Precise steering maneuvers are also be conducted in this case, to provide specular reflection for the selected targets.
Venus Express is now in the elliptical polar 24 hour orbit with apocentre distance of ~66,000 km, and pericentre with altitude of ~200 km above the Northern pole (Fig. 2) . This orbit, firstly, allows observations of atmospheric phenomena at different local times, and, secondly, provides a combination of global views of the Southern hemisphere with high-resolution snapshots in the North. The solar gravity forces the pericentre to drift upwards with a rate of 1-2 km per day. Specific maneuvers are regularly performed to maintain the pericentre altitude in the 250-350 km range. In summer 2008 the allowed pericentre corridor was moved down to 180-280 km. The pericentre also slowly drifts polewards. In October 2009 it reached North pole and the trend in its altitude drift is now reversed.
From the operational point of view the Venus Express orbit can be roughly divided in three parts 4) (Fig. 2 ): pericentre observations (23 -2 hour orbital time), telecommunications in the descending arc of the orbit (2 -12 hours), and apocentre and off-pericentre observations in the ascending arc (12 -23 hours). The phase of the orbit is maintained so that the Cebreros ground station is visible from the satellite between 2 and 12 hours orbital time. Observations usually start around apocentre, and continue along the ascending arc of the orbit and during the pericentre pass. Local time at the ascending node of the orbit, which approximately corresponds to 23 hours orbital time in figure 2, slowly changes from orbit to orbit. Solar and Earth occultation are grouped in seasons, each of them lasting for ~50 days. During these periods, SOIR and VeRa observations have priority and are scheduled in at least every second orbit, each having both ingress and egress parts, one in the Southern and the other in the Northern hemisphere.
Scientific highlights
Four years of Venus Express observations brought a rich harvest of science data 38) . Here we review the main results recently published in the special section of Nature 14) , special issues of Planetary and Space Science 1) and the Journal of Geophysical Research 15) and other papers in Geophysical Research Letters and Icarus. The results are grouped in topics to demonstrate payload synergy in tackling certain scientific problems.
Structure of the atmosphere
Three methods of remote temperature sounding are used by Venus Express. Radio occultation experiment provides temperature structure from 90 km to 40 km with vertical resolution of few hundred metres 11) . The mesosphere (90-60 km) is also studied by VIRTIS thermal emission spectroscopy in the 4.3 μm CO 2 band 12) . This method sounds the night side with vertical resolution of 2-3 kilometres and broad spatial coverage. The range of 140-90 km is sounded for the first time by SPICAV stellar occultation 10) . From equator to pole the atmospheric temperature at the same altitude increases above 70 km and decreases below 60 km with "cold collar" -the annulus of cold air at ~60 km and 50-60S -in between characterized by deep temperature inversions at the cloud tops 16) (fig. 3) . In most latitudes the atmosphere was found to be convectively unstable within the main cloud deck (50-60 km) and stable above and below this region. SPICAV discovered a warm layer at the mesopause (~100km) 17) . This behaviour was interpreted as a result of adiabatic heating in the downwelling branch of the solar-antisolar thermospheric circulation on the night side.
Atmospheric composition
SPICAV/SOIR acquires high-resolution (λ/Δλ~20,000) spectra of the Venus atmosphere in solar occultation geometry 10) , providing vertical profiles of atmospheric trace gases in the mesosphere (110-70 km). This region features vigorous chemistry and dynamics that were poorly studied in the earlier missions. Spectral signatures of CO 2 , CO, H 2 O, HDO, HF, HCl, SO 2 are clearly identified in the SOIR spectra 17, 18, 20) . Venus Express exploits the potential of deep atmosphere sounding through the spectral transparency "windows" on the night side. VIRTIS maps the Venus dark side with moderate (λ/Δλ~200) spectral resolution at 0.9-5.0 μm and simultaneously acquires high-resolution spectra (λ/Δλ~1200) between 2 and 4 μm 12) . These observations provide a global survey of the lower atmosphere composition, monitoring the abundance of CO, COS, SO 2 , H 2 O at 30-40 km, HCl and H 2 O at ~23 km and H 2 O close to the surface 19) . Figure 4 shows the summary of the Venus Express composition findings [17] [18] [19] [20] . Knowledge of the vertical profiles of the trace gases is important in order to constrain chemical models. The D/H ratio is the tracer of escape processes and has particular relevance for the history of water on Venus. Simultaneous observations of both H 2 O and HDO by SOIR/Venus Express give vertical profile of D/H ratio in the mesosphere right below the level from which escape occurs (Fig. 4) . The observations suggest that the average D/H ratio in the mesosphere is by a factor of 1.5 higher than the one measured earlier in the lower atmosphere 17, 20) . This could be a sign of preferential escape of H atoms when deuterium is left behind in excess to recombine with OH radicals. If this interpretation is correct, the SOIR measurements are the first indication of differential escape of H versus D acting at present, a process that could explain the high D/H ratio in the present atmosphere of Venus. The Venus Express observations gave new strong evidence of existence of lightning on Venus by detecting electromagnetic, whistler-mode waves propagating from the atmosphere to the ionosphere 21) . The magnetometer observations revealed strong, circularly polarized, electromagnetic waves with frequencies near 100 Hz. The waves appeared as bursts of radiation lasting 0.25 to 0.5 s, and have the expected properties of whistler signals generated by lightning discharges in Venus' clouds. The estimated mean global frequency was found to be close to that on the Earth. The occurrence of lightning in a planetary atmosphere enables chemical processes to take place that would not occur under standard temperatures and pressures, and that in turn can lead to the formation of "disequilibrium" chemical species.
Non-LTE emissions
Several non-LTE emissions, NO emissions in UV, O 2 near-infrared airglow, dayside CO 2 and CO emissions, were discovered on Venus by the earlier ground-based and space-borne observations. The emissions originate in the upper atmosphere (90-140 km) due to the processes of radiative recombination and fluorescence. The advanced spectro-imaging payload suite, combination of nadir and limb geometry, and highly eccentric polar orbit allow Venus Express to investigate spatial and vertical distribution and temporal variations of these emissions in unprecedented detail. Venus Express observes the non-LTE phenomena from apocentre that reveals the night-side emission over most of the southern hemisphere and yields its latitudinal distribution, especially around local midnight. The emissions are observed during solar minimum for the first time, thus complementing the earlier observations.
The O 2 near-infrared airglow is produced by three-body recombination of oxygen atoms formed on the day side by photo-dissociation of CO 2 and CO and transported to the night side, where they recombine giving ~75% of O 2 molecules in the 1 Δ g excited state that emits at λ~1.27 μm. Figure 5 shows the global map of the O 2 ( 1 Δ g ) nightglow obtained by averaging VIRTIS observations during 11 months of the nominal mission 22) . It exhibits significant spatial and temporal variability ranging over an order of magnitude with peak value reaching ~3 mega-Rayleighs (MR) at low latitudes near the midnight meridian. The nadir brightness averaged over the night side of the Southern hemisphere is 1.3 MR, in very good agreement with earlier ground based observations. In limb geometry the observations integrate the O 2 emission along the line of sight. The peak altitude is located at ~ 95 km and is controlled by competition between vertical transport and recombination. The brightness is proportional to the downward flux of oxygen atoms, which was estimated to be ~5⋅10 11 cm -2 s -1 . The derived maximum atomic oxygen number density, reached at 100 km, is 1.3⋅10 11 cm -3 . This quantity has not been measured previously by other techniques.
Cloud morphology
The Venus Express spectro-imaging instruments investigate the cloud layer in the spectral range from UV to thermal IR at all latitudes and local solar times, with spatial resolution ranging from ~50 km at the apocentre to few hundred metres at pericentre 3, 4) . Also limb observations and stellar/solar occultation techniques allow the instruments to study vertical structure of the upper haze. The Venus Express investigations of the cloud morphology are in general consistent with the earlier observations, but they provided much more detailed and comprehensive picture of the Venus clouds due to the following features of the mission: (1) nadir viewing geometry of the Southern polar region; (2) spatial resolution of up to few hundred meters; (3) quasi-simultaneous sounding of the atmospheric temperature and composition; (4) long duration of the mission. Figure 6 shows a synthetic view of the planet produced by combining the VMC UV image on the day side 23) with the VIRTIS image taken in the 2.3 μm spectral transparency "window" on the night side 24) . The UV markings are produced by inhomogenities in the horizontal and vertical distribution of an unknown absorber in the upper cloud. The observed pattern is related to the temperature and dynamic conditions at the cloud tops 25) . At low latitudes (< 40S) the mottled and patchy cloud pattern suggests the significant role of convection in the vicinity of the sub-solar point, where a large fraction of the solar energy is deposited in the upper cloud (65-55 km). Further towards the pole, mottled clouds give way to streaky features, indicating a transition to more regular quasi-laminar flow in the mid-latitudes. The mid-latitudes (50-70 S) are dominated by a bright, almost featureless, band, implying the presence of a large amount of conservative scattering aerosol that masks the UV absorber. The brightness in the middle and high latitudes shows remarkable variability on a daily time scale that suggests vigorous dynamical and microphysical processes in the upper cloud layer 23) . The near-IR part of the image in Figure 6 shows emission leaking from the hot lower atmosphere through the spectral transparency window at 2.3 μm on the night side. Here the contrasts mark spatial variations of the opacity of the main cloud deck at roughly 50-55 km altitude. Brightness variations by about a factor of 10 roughly correspond to opacity variations between 20 and 40.
The global cloud morphology pattern revealed by the Venus Express imaging (Fig.6 ) apparently shows vortex-like organization. Day-side UV and night-side near-IR observations imply that this pattern covers the whole Southern hemisphere, and persists at least down to the cloud bottom (~50 km). The planetary vortex on Venus has striking morphological similarities to the hurricanes on Earth, although the scales and driving forces are quite different in these two cases 26) . The highly eccentric orbit of Venus Express allows the imaging instruments to zoom in certain regions and phenomena and to put high resolution images in a global context. Details of the tropical convective clouds and mid-latitude streaks, transition region, polar hood and waves are monitored by VIRTIS 24) and VMC 23) . The most spectacular cloud feature discovered at thermal IR wavelength by VIRTIS is the eye of the planetary vortex in polar latitudes 24) . Its shape varies from oval to "S" shaped. The vortex eye is about 1500 km across and resides within ~70 degrees circle, rotating around the South pole with a period of ~2.5 days. Brightness temperature in the eye is 30-40 K higher than that of its surroundings, from which it is separated by sharp boundaries.
VIRTIS imaging in the near-IR CO 2 absorption bands, whose relative depth is proportional to the cloud top pressure, provides an opportunity to map the cloud top altitude 27) . In the low and middle latitudes cloud top is located at ~70 km. Poleward of 50S it descends reaching about 64 km in the vortex eye. Limb observations and especially stellar occultation by SPICAV revealed upper haze in the altitude range 70-90 km with a scale height of 4-5 km and allowed one to constrain the particle size distribution 36) .
Atmospheric dynamics
Spectro-imaging instruments onboard Venus Express observe atmospheric motions at altitudes from the cloud base (~50 km) up to the lower mesosphere (~140 km). The wind speeds are derived from tracking the motions of cloud features. Figure 7 shows the latitude profiles of zonal wind at several altitudes derived from the VIRTIS and VMC imaging 23, 28, 29) . At all heights the wind speeds within the cloud deck remain almost constant with latitude in low and middle latitudes, but quickly fade out poleward of 50S. Interestingly, this boundary coincides with transition from dark to bright clouds (Fig.6 ) and equatorial edge of the "cold collar" (Fig. 3) . Thermal winds preliminary derived from the VIRTIS temperature sounding 30) show similar pattern at the cloud tops. Meridional winds are much weaker (0-20 m/s). The accuracy of individual wind vectors is ~10 m/s, but averaging observations from different orbits resulted in robust derivation of the mean wind. Its speed tends to increase from equator to mid-latitudes where it reaches maximum, and then decreases and even changes direction near the pole.
Plasma environment and escape
Venus Express investigates the circumplanetary plasma environment by means of three techniques. The VeRa experiment measures remotely vertical profiles of electron densities by radio occultation 11) , the double-sensor fluxgate magnetometer monitors the magnetic field 8) , and the ASPERA-4 experiment (Analyser of Space Plasmas and Energetic Atoms) measures in-situ fluxes of energetic neutral atoms, ions and electrons 7) . Venus Express measurements are taken at solar minimum, thus complementing the Pioneer Venus plasma studies that were acquired during solar maximum.
Venus Express magnetic field and plasma measurements clearly identify different regions and boundaries, namely bow shock, magnetosheath, and induced magnetosphere boundary, formed by interaction of the solar wind with the planet. The observed bow shock seems to be in the position expected from complete deflection of the interplanetary field by a magnetized ionosphere. Thus the main conclusion from the magnetometer observations is that little solar wind enters the Venus ionosphere even at solar minimum 31) . The vertical structure of the ionosphere and its variations are studied by the radio occultation experiment VeRa 32) . The sounding shows several layers in electron density. They are generated by photoionization of CO 2 by solar extreme-ultraviolet and soft X-rays. The structure above ~180 km is presumably controlled by the O + ion. The majority of electron density profiles display a bulge in the topside between 160 and 180 km that is not documented in theoretical models of ion and electron production. Large density variations can be seen in the topside ionosphere while the lower layers are relatively stable. Electron density peaks at ~ 4⋅10 5 cm -3 at about 140 km. Ionization completely disappears by ~120 km. On the night side the electron density abruptly drops by 1-2 orders of magnitude behind terminator. The ASPERA-4 experiment has established for the first time the composition of escaping plasma 33) . It consists mostly of O+ and H + with some admixture of He + (Fig. 8) . The ratio of the escape rates of hydrogen and oxygen is a critical parameter in understanding both the dryness and the oxidation state of the Venusian atmosphere. The measured ratios concern only ions and do not include the escape of the respective atoms. Scaling the measured ratio Q(H + )/Q(O + )=1.9 to account for the neutral losses resulted in the ratio for total loss of 2.2:1, very close to the stoichiometric value of 2:1 for the water molecule. The remarkable fact that hydrogen and oxygen escape through the wake in the stoichiometric ratio of water implies that the atmosphere of Venus did not change its oxidation state after steady state conditions had been reached, in contrast with that of Mars.
The observed relative abundance of He + in the escaping plasma from Venus is surprisingly high. This may be due to the more effective acceleration caused by the polarization field. The higher pressure gradients associated with the stronger gravitational field on Venus results in a higher polarization field that operates over larger distances at Venus than at Mars. Thus, whereas the stronger gravitational field of Venus reduces the Jeans escape of the heavier main constituents of the atmosphere, almost paradoxically it facilitates the loss of the lighter species.
The main result of these observations, however, is the establishment of potentially important ion escape from present-day Venus through the plasma wake region. Further observations in this region as the solar cycle progresses towards maximum will establish the variability of these escape rates and will improve our ability to infer the history of Venus's water.
Surface investigations
Venus Express investigates the surface by the VeRa bi-static radar sounding 11, 37) , by accurate tracking of the spacecraft during the pericentre pass (gravity experiment), and by systematic thermal mapping of the surface in the 1 μm transparency window on the night side by VIRTIS 12) and VMC 13) . Three bistatic experiments conducted over Maxwell Montes confirmed the presence of high dielectric material in this region 37) . Unfortunately early loss of the S-band signal precluded further measurements. VIRTIS acquires mosaics of the Southern hemisphere from apocentre and the ascending branch of the orbit. VMC takes close-up images of the equatorial region when the spacecraft is in eclipse. Figure 9 shows the VIRTIS thermal mosaic of the Southern hemisphere 34) . The brightness contrasts observed in the 1 μm night-side images are caused by variations in surface temperature and to lesser extent its emissivity, as well as a large contribution from the overlying cloud opacity, which must be removed to reveal the surface temperature. Major topography features are clearly recognized in figure 9 , although the spatial resolution is severely degraded by multiple scattering in the thick atmosphere to ~50 km at best.
Preliminary results 34) showed that surface emissivity variations derived from the VIRTIS maps (Fig. 9) reach about 10%. In some places the contacts between the units that are bright and dark in radar maps are not visible in the VMC images, suggesting that the mineralogical composition of their surface materials, their porosity and the micron-to-mm texture are all approximately the same. Visual inspection of the VMC images of the potentially volcanically active areas in Beta and Phoebe Regio so far have not revealed any sign of lava flows large and hot enough to be detected.
Future Plans
The success of the nominal mission demonstrated that Venus Express is an excellent combination of a flexible spacecraft, capable payload, and efficient ground segment. The mission is extended till the end of 2012.
In July-August 2008 the pericentre altitude was reduced from 250-350 km to 180-280 km. In spring 2010 the pericentre altitude was allowed to go as low as 165 km. This gave ASPERA and MAG an opportunity to continue plasma and magnetic field investigations deeper in the ionosphere. Venus Express was also able to investigate the structure of the polar thermosphere by atmospheric drag and orbital decay experiments.
The pericentre lowering is now seen as only the first stage of orbit modification. In more distant future the experience gained in these operations can be used for aerobraking, with the eventual goal to bring the apocentre closer to the planet. The low eccentricity orbit will be more stable with respect to the solar gravity perturbations, resulting in longer duration for the mission. Also, the imaging instruments will be able to observe the Southern hemisphere at higher resolution. The
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available onboard resources can keep Venus Express operational till 2015.
Conclusions
More than four years of the Venus Express observations brought a rich harvest of scientific results covering virtually all aspects of the physics of the Earth's mysterious neighbour. Originally born as a "mission of opportunity" re-using the Mars Express design and available instruments, Venus Express has proven to be the most powerful mission ever worked in Venus orbit. The fortunate combination of versatile spacecraft, state-of-the-art payload, and efficient ground segment allows the scientists to carry out long-term and systematic survey of the planet from the surface to the thermosphere. Observations in nadir and limb geometry, stellar, solar and Earth radio occultation, and in situ plasma investigations unveil details of atmospheric structure, composition, cloud morphology, dynamics and escape processes and significantly contribute to the field of comparative planetology. The mission has triggered the world-wide revival of the interest to the Venus science. The spacecraft and the instruments are in a good condition, and will continue providing new data for the next several years.
